A B S T R A C T Myocardial cell pH has been measured with 5,5-dimethyl-2,4-oxazolidinedione (DMO) in intact anesthetized dogs by a transient indicator dilution technique. Bolus injections of labeled DMO, vascular, extracellular, and water indicators were made into the anterior descending coronary artery, and blood samples were collected from the great cardiac vein. The steadystate distribution of DMO between cells and plasma was calculated from the indicator mean transit times, and the plasma pH was estimated from arterial and great cardiac vein pH. Myocardial cell pH was determined from the distribution value and plasma pH. Normal myocardial cell pH averaged 6.94. Changes in myocardial cell pH averaged 58% of concomitant changes in plasma pH after infusions of acid or alkali. Myocardial ischemia induced by inflation of a coronary artery balloon resulted in progressive decreases in cellular pH to average values of 6.83 within the initial 15 min and to 6.59 within the interval between 20 and 70 min. Infusions of NaaCOa tended to diminish intracellular acidosis although these infusions had little effect on the difference in pH between the myocardial cell and extracellular fluid.
INTRODUCTION
Reductions in coronary blood flow are rapidly followed by the production of large amounts of lactic acid by the myocardium (1) . It has been suggested that the decline in myocardial contractility which is observed after the onset of myocardial ischemia is related to the development of acidosis within the heart cells (2) . Although it Reprint requests should be addressed to Dr. Richard Effros, Respiratory Division, Harbor General HospitalUniversity of California at Los Angeles, Torrance, Calif. 90509.
Received for publication 31 July 1974 and in revised form 26 November 1974. has been possible to show that lactate concentrations in coronary sinus blood increase as myocardial perfusion is reduced, the development of cellular acidosis in ischemic mammalian hearts has not been documented. It was the purpose of the present study to determine the effect of coronary occlusion upon myocardial cell pH in the dog. In addition, measurements were made of the response of myocardial cell pH 1 to infusions of acid and alkali in normal animals and to infusions of alkali during ischemia.
These studies were accomplished by a modification of an indicator dilution technique which was previously used for the measurement of pulmonary tissue pH (3) . The principal advantage of this approach is that measurements of myocardial cell pH may be obtained without insertion of electrodes into the myocardium or excision of tissue from the heart. Direct application to clinical studies may therefore be possible.
METHODS
Mongrel dogs, weighing 20-30 kg, were anesthetized with sodium pentobarbital (50 mg/kg and as needed), anticoagulated (10,000 U, sodium heparin USP every 2 h), intubated, and mechanically ventilated. An "injection" catheter (50 cm, no. 5F coronary artery, with inflatable distal balloon in ischemic studies) was introduced under fluoroscopy into the anterior descending coronary artery by way of the carotid artery. A "collection" catheter (50 cm, no. 8 coronary sinus catheter) was passed from the femoral vein into the great cardiac vein. A short "recirculation" catheter (20 cm, polyethylene no. 160) was placed in the ascending aorta. Additional catheters were placed in the ventricular cavity and femoral artery for pressure measurements and in the femoral vein for i.v. infusions.
'As indicated in the text, data obtained in the present study with an anionic indicator should reflect average intracellular hydroxl ion concentrations rather than pH. However, since values of "cell pH" are generally calculated from indicator distribution data, this practice will be followed here as well.
An inj ection cocktail was prepared with the following ingredients: 0.1 mCi of ['I]human serum albumin (the vascular indicator, Mallinckrodt Chemical Works, St. Louis, Mo., specific activity 9 4wCi/mg), 0.1 mCi of ['Cr]EDTA (the extracelluar indicator, Amersham/SearleCorp.,Arlington Heights, Ill., specific activity 1 mCi/mg Cr), 1.0 mCi of tritiated water (THO) ' (the water indicator, New
England Nuclear, Boston, Mass., specific activity 25 mCi/ g), and 0.1 mCi of [2-uC] 5,5-dimethyl-2,4-oxazolidinedione ["C]DMO, (the pH indicator, New England Nuclear, specific activity 1 mCi/mg) in 7 ml of a suspension of erythrocytes from the dog in 2.5 g/100 ml human serum albumin in 0.9 g/100 ml saline solution at the hematocrit of the dog. Injections of 1.0 ml of the injection solution were flushed from a 1.0-ml syringe pipette with 5 ml of arterial blood from the same dog through the coronary artery catheter into the heart within a 5-s interval. Because the injection solution entered in advance of the flush, it is likely that most of the tracer materials were introduced within 2 s. The actual injection quantity and interval play a very minor role in the calculation of myocardial pH inasmuch as the calculation is based upon a ratio of mean transit time differences. The mean transit times reported and used are therefore uncorrected for the relatively short injection interval. Myocardial perfusion was determined from the mean transit time of water, as indicated below. The mean transit times of water were relatively long and these approximations should have a minor influence on the calculated tissue perfusion rate (see below).
Blood was pumped with a peristaltic pump at 0.3 ml/s from the great cardiac vein into 42 collection tubes which were changed at 5-s intervals by an automatic sampler. Arterial samples were withdrawn by hand from the "recirculation" catheter at times corresponding to the first three 10-s intervals after beginning of injection. Additional arterial samples were drawn at 1, 2, and 3 min and at the end of the run. All samples were processed for beta and gamma activity as indicated previously (4) . The activities of each tracer were then divided by the quantity of indicator in the injection bolus to yield comparable "fractional concentrations" (indicated "w" in units of milliliters'1).
Venous fractional concentrations were then plotted on a logarithmic ordinate against time on a linear plot as indicated in Fig. 1 a. The areas (A.) under the uncorrected venous curves were then approximated by drawing a linear downslope and using eq. 14A of the Appendix.
Aortic samples were obtained from the short, small-bore catheter in the brachial artery. Catheter delay at this site was less than 1 s and both this delay and the difference in arrival times of recirculating indicators to the heart and aorta were assumed negligible. The delay involved in the collection of the venous samples from the collection catheter was significantly greater, mean collection catheter times averaged 8 s. Collection catheter delays were calculated from the catheter volumes divided by the catheter flows. As an approximation, the mean catheter times were added to the actual times at which the aortic samples were obtained. Aortic recirculation curves were constructed by interpolating between observed aortic concentrations on the same coordinates, thereby providing concentrations of recirculating indicators which corresponded to the times at which the venous samples were obtained. The venous curves were then corrected for returning arterial concentrations by a 'Abbreviations used in this paper: ["C] DMO, [2-C]-5,5-dimethyl-2, 4-oxazolidinedione; THO, tritiated water. Myocardial perfusion (QTHO, milliliters per minute' (100 g tissue1) ) was determined from the mean transit time of procedure based on residue detection of the washout of a bolus of this inert gas from the myocardium (7, 8) .
Metabolic acidosis was produced with infusions of 0.3 M HCl in 0.9 g/100 ml saline at 4.0 ml/min which were sustained until arterial pH levels had fallen to the desired range. Metabolic alkalosis was generated with infusions of 0.4 M Na2COs at the same rate of flow. The rationale for the use of Na2CO, rather than NaHCOs is indicated in the Discussion section. Infusions were continued during the run and lasted from 20 to 40 min. Arterial and great cardiac vein pH values were obtained both before and after the study and averaged (each collection period lasted for 3.5 min; changes in arterial and venous pH over this short interval proved to be less than 0.05 U).
Myocardial ischemia was induced by inflating a balloon near the tip of the coronary artery catheter. Pressure recordings were obtained from the left ventricle or aorta just beyond the site of obstruction. Characteristic signs of S-T elevation were observed in each run (standard lead I).
RESULTS
The observed outflow patterns of [ Table II , both acute and prolonged ischemia appeared to result in a decline in the ratio of the ['I]albumin mean transit time to that of tritiated 1102 Efjros, Haider, Ettinger, Ahmed, Oldeumrtel, Marold, and Regan water. The corresponding ratio of indicator volumes also diminished during prolonged ischernia. No other significant changes in indicator recoveries or the relative vascular or extracellular volumes were found after infusions of acid or alkali, nor were these relative values altered by ischemia. At control arterial pH (7.39±0.03, # = 20), the predicted steady-state ratio (p) of DMO within the myocardial cells to DMO in the extracellular space averaged 0.420±0.062, and the calculated value of myocardial cell pH averaged 6.94 +0.07. Variations in myocardial cell pH between two control runs in each of six dogs were random and averaged 0.08 U. These control runs were obtained at intervals up to 45 min and over periods varying up to 2 h after anesthesia was begun, suggesting that under control conditions myocardial cell pH was relatively constant. Peak values of recirculation varied between 0.02 and 0.20 of the observed venous peak concentrations. Despite variations of as much as fourfold in relative peak recirculation in individual animals, calculated values of myocardial cell pH remained relatively unchanged. These findings suggest that correction for recirculation was adequate.
Infusions of acid tended to increase cellular concentrations of DMO in the heart, reflected by an increase in p values, whereas infusions of alkali diminished relative cellular concentrations of DMO with a corresponding decline in p. This is illustrated in Fig. 3 Table I ). These infusions had no consistent effect upon blood pressure, heart rate, myocardial perfusion, or the difference between coronary artery and great cardiac vein pH. Inflation of the balloon on the catheter in the descending coronary artery resulted in the establishment of a hydrostatic pressure difference between the left ventricle and distal artery during systole which averaged 0.75 of the left ventricular systolic pressure (see Fig. 4 ). Myocardial perfusion declined from an average of 140 ml min1 (100 g)1 to an average between 50 and 65 ml mink (100 g)' (see Table II ). At these moderately reduced flow rates, it was difficult to document consistent changes in the difference between coronary sinus pH and coronary artery pH. However, both arterial and venous pH did decline by about 0.03 to 0.04 U during chronic ischemia without a change in Pcos, (20-70 min) further fell to 0.257 (see Fig. 6 6 .59 at 20-70 min (see Fig. 6 b and Table II ).
Both the decline in p and intracellular pH appeared to be better correlated with the duration rather than the magnitude of ischemia (see Table I ).
Infusions of NasCOs were administered to increase arterial pH to an average of 7.57 in dogs with myo- (6) . Although some data seemed to indicate that electrode measurements of skeletal muscle cell pH were considerably lower than The multiexponential form of these curves reflect slow washout from poorly perfused portions of the heart (compared with the control study in Fig. 1 been obtained for evaluation of the dist DM0 between the cellular and extracellulk ments (14) (15) (16) (17) (18) . Alternatively, the organ n lated and perfused and concentrations of thes may be determined in the tissues or perfusion fluids (19 (21) . The calculated ratio of extracellular to total water content of the heart averaged 0.30. This value is considerably smaller than that reported with sucrose by Page and Page (0.40) from observations of isolated perfused hearts (22) . In the latter study, the volume of distribution of sucrose increased progressively over a period of 1 h and ultimately represented 60% of the entire organ water. It has been suggested that entry of sucrose into the sarcoplasmic reticulum occurs. It is possible that in the present single circulation studies with [ (25) . These high perfusion rates may diminish the extraction of solutes in a predictable fashion (26) . When the rate of perfusion is properly considered, the capillary permeability of the lung to Na' is similar to that of skeletal muscle. The perfusion of the heart under control circumstances averaged only 16% of the rate observed in the lungs, and the outflow patterns of both [14C]DMO and
[5Cr]EDTA were distinct from that of [JI] albumin.
The observed similarity between the distribution of DMO between the heart and plasma calculated from the present transient data and that found in earlier steady-state studies (6) suggests that the mean transit time calculations were not unduly influenced by changes in the indicator dilution curves due to limited permeability.
The decision to use ['4C]DMO in the present study was motivated in part by the availability of in vitro cardiac studies with this indicator. In addition it seemed advisable to use an indicator with a relatively shorter mean transit time in the heart in order to minimize recirculation problems and shorten the duration of the study. Since the cellular concentrations of cationic indicators such as tritiated nicotine are greater than plasma concentrations, the mean transit times of these indicators in the heart would presumably exceed those of tritiated water. It would therefore be necessary to prolong the observation interval and thereby make the study more vulnerable to changes in flow or metabolism.
Success of the transient indicator dilution procedure is dependent upon accurate measurements of indicator mean transit times. These mean transit times must be calculated from time concentration curves of cardiac venous blood which may contain considerable amount of recirculated indicator. Correction for recirculation is particularly important when mean transit times are long. The mean transit times of the diffusible indicators may greatly exceed those of the vascular indicators and are further prolonged when local tissue perfusion is diminished. In the present study, returning arterial concentrations were used to derive the first circulation indicator curves. As in all such corrections for recirculation, satisfactory results are dependent upon constant flow and indicator mean transit times. Efforts to collect and divert the entire venous drainage of indicator from the heart in the intact dog as a means of checking correction proved impractical. However, evidence that the recirculation correction was adequate was provided by the observation that control values of myocardial cell pH calculated from the corrected curves were not markedly or systematically altered by variable recirculation. Reasonably good correlation between perfusion rates calculated from the washout of 'Kr (an indicator with relatively little recirculation) and the corrected washout curves of THO in normal and ischemic hearts also suggests that the correction of at least the THO curves was acceptable. The apparent adequacy of the procedure is probably due in part to dilution of recirculating indicator by the cardiac output, in other words, by a factor of more than five.
The average intracellular pH of the heart calculated from the transient method (6.94) was in close agreement with steady-state values reported for both cardiac and skeletal muscle (the majority of reports are between 6.85 and 7.13) (13) . Furthermore, the average change in cellular pH obtained from the transient studies amounted to 0.58 of concomitant changes with infusions of acid and alkali in plasma pH, whereas an average change of 0.60 was detected with in vitro studies of rat diaphragm (13) and 0.617 in perfused turtle hearts (19) . Scatter is great in both the present and previous data and this apparent agreement may therefore be fortuitous. It has been reported that cell pH in rat diaphragm is relatively more stable to metabolic changes in extracellular pH in the range between 7.2 and 7.5 (27) . This observation could not be verified with the present in vivo data of the dog heart.
Measurements of cellular pH in the ischemic heart are associated with several problems. Estimates of extracellular pH within the ischemic area are based upon the pH of blood collected from the great cardiac vein and aorta and are probably greater than local values. The failure to find an increase in the difference between arterial and great cardiac vein pH with ischemia in this study may reflect dilution of the venous samples with blood draining from nonischemic areas. It is therefore likely that the true cellular pH is significantly below the calculated values, which must be considered as upper limit data. It should be noted, however, that the rate of perfusion, the distribution ratio p, and the difference between the cellular and extracellular pH are based upon mean transit time data obtained from the ischemic portion of the heart and should not be influenced by a constant flow of blood from nonischemic regions of the heart.
Measurements of cellular pH during ischemia are further complicated by the likelihood that the decline in myocardial perfusion is not uniform. Reductions of coronary flow tend to compromise inner wall perfusion to a greater extent than outer wall perfusion (28) , and lactate and pyruvate concentrations within the inner wall appear to exceed outer wall concentrations (29) . Differences in regional pH are superimposed upon the heterogeneous distribution of hydrogen ions which normally prevails within the cells. Calculated values of cell pH must always represent an index of the average cellular pH on both a subcellular and regional basis. Values obtained with anionic indicators such as DMO provide average hydroxyl ion concentrations and tend to represent more alkaline regions. In contrast, cationic indicators such as labeled nicotine, should yield data concerning average hydrogen ion concentrations and are influenced to a greater extent by the more acid portions of the heart (3, 30) .
A further consequence of nonuniform flow within the ischemic area is the tendency for outflow concentrations to reflect better perfused areas of the heart which make a more obvious contribution to the outflow curves. The existence of parallel flows through regions of variable perfusion results in the appearance of multiexponential patterns of indicator washout which are more difficult to correct for recirculation and extrapolate for mean transit time calculations.
With these reservations in mind, values were calculated for myocardial cell pH in the ischemic preparation. Considerable variation was found in cellular pH in the presence of ischemia (see Fig. 6 b) . During the initial 15 min of ischemia, the decline in cellular pH averaged 0.111. Between 20 and 70 min, the cellular pH fell by an average of 0.352 from control values. The severity of cellular acidosis appeared to be more closely correlated with the duration of ischemia than the measured decline in myocardial perfusion.
Inasmuch as systemic infusions of Na2COs appear to produce increases in myocardial cell pH which average 58% of concomitant increases in plasma pH, the effect of such infusions upon ischemic myocardial cell pH was studied. The choice of NaaCO3 rather than NaHCOa was based upon the fact that smaller volumes of Na2CO3 may be used to alkalinize the dog. In addition, Na2CO3 tends to diminish C02 tensions in blood whereas NaHCOa increases blood C02 tensions and may thereby produce transient "respiratory" acidosis if ventilatory compensation is not complete (31) . Small increases in serum osmolality were observed with these infusions (see Results section).
It is difficult to be sure whether such infusions exerted any effect upon the distribution of DMO between the cells and extracellular fluid of the heart and therefore, the increased difference in myocardial cellular and local extracellular pH apparently persists despite these infusions. Nevertheless, the data do suggest that cellular acidosis may have been relieved in part by these infusions. Recent evidence that bicarbonate does have access to both skeletal and myocardial cells has been reported by Heisler and Piiper (32) and Lai, Atterby, and Brown (18) .
The potential usefulness of this procedure for measuring myocardial cell pH in a clinical setting remains to be determined. Characterization of tissue pH in regions of the myocardium with severely diminished flow may be impossible by these means because both delivery into the ischemic area and effective washout must be present to ensure successful measurements Values for f, and f, were derived previously (3 Calculation of relative recoveries, mean transit times, and organ perfusion. It was assumed that the concentration of each sample represented the average concentration at the midpoint of each collection tube interval. The areas (A) under both the observed indicator dilution curve and that under the curve corrected for recirculation (see Methods section) were calculated from the sample concentrations up to that point at which recirculation appeared (judged in the uncorrected curve by nonlinear decline on the semilogarithmic plot) or at that point at which the data became ragged (in the corrected curves). The downslopes were extrapolated to infinity on the basis of two points along the downslope (collection tubes nl and n, with indicator fractional concentrations wi and w2) with the equation 
